An increasing body of research is showing that cancers might contain their own stem cells. In fact, cancer cells, like stem cells, can proliferate indefinitely through a deregulated cellular self-renewal capacity. This raises the possibility that some features of tumor cells may be due to cancer stem cells. Stem cell-like cancer cells were isolated from several solid tumors. Now, evidence has shown that brain cancers, such as glioblastomas, medulloblastomas and astrocytomas, also contain cells that may be multipotent neural stem cell-like cells. In this review, we discuss the results of these studies, along with the molecular pathways that could be involved in cancer stem cell physiopathology.
Introduction
Over the past few years, several 'dogmas' regarding neural cell physiopathology have been challenged. The brain has traditionally been viewed as largely static with respect to its very limited cellular turnover and regenerative capacity. In the early 1990s, results from numerous laboratories have now firmly established that new neurons are generated in the adult mammalian, including in the human brain. These studies disproved the idea that neurogenesis in the mammalian central nervous system was restricted to the embryonic and early postnatal period. 1, 2 Another major discovery was the demonstration by Reynolds and Weiss 1, 3 that neural stem cells (NSCs) persist in the mature brain, could be grown in culture and had the hallmark properties of stem cells: multipotency and self-renewal capacity.
Lastly, there is compelling evidence that the so-called 'cancer stem cells' can promote several forms of brain tumors.
Cancer stem cells
The identification of reservoirs of stem cells within adult tissues demonstrates that all tissues may have stem cells. Stem cells within normal tissues are defined by common characteristics: self-renewal to maintain the stem cell pool over time; regulation of stem cell number through a strict balance between cell proliferation, cell differentiation and cell death; ability to give rise to a broad range of differentiated cells. 2, 4 Like stem cells, cancer cells are widely thought to be able to proliferate indefinitely through a deregulated cellular selfrenewal capacity. This raises the possibility that some of the clinical properties of tumor cells may be due to transformed stem cells. 5 In fact, there is increasing evidence that cancers might contain their own stem cells. Many cancers, like normal organs, seem to be maintained by a hierarchical organization that includes slowly dividing stem cells, rapidly dividing transit amplifying cells (precursor cells) and differentiated cells. 5 The hypothesis of cancer stem cells arose from several observations, such as the pioneering work of Dick and co-workers. 6, 7 They demonstrated that by progressively diluting a known number of leukemia cells, harvested from human patients, only very rare cells (called leukemia-initiating cells or LICs) had the ability to reproduce the leukemia in an immunodeficient mouse model. Dick speculated that LICs had a greater developmental potential than the vast majority of cloneforming leukemia cells and might even be stem cell like. 6, 7 Stem cell-like cancer cells were also isolated from myelomas and breast tumors; there is evidence suggesting that pancreatic and prostate cancers also could have mutated stem cells. [8] [9] [10] [11] All these observations have paved the way to a new model of cancer: the 'stem cell model' and, as a result, the term 'cancer stem cell' has been introduced. This is a cancer cell that has the ability to self-renew, giving rise to other malignant stem cells, as well as undergo differentiation to yield phenotypically diverse nontumorigenic cancer cells. The cell of origin for cancer stem cells remains unclear: they may or may not be derived from their normal stem cell counterpart. 5 The fact that multiple mutations are necessary for a cell to become cancerous has implications for the origin of cancer cells. As both progenitor cells and mature cells have a very limited lifespan, it is unlikely that all the mutations could occur during their short life. In addition, to maintain the disease, cancer cells must overcome the constraint on self-renewal and proliferation. Since cancer stem cells must posses the ability to self-renew, it follows that they are derived from either self-renewing normal stem cells, which could be transformed by altering only proliferative pathways, or from progenitor cells that have acquired the ability to self-renew as a result of oncogenic mutations (Figure 1) . Although stem cells could very often be the target of genetic mutations necessary for malignant transformation, in other cases, cancer can originate from transformed restricted progenitor cells or even differentiated cells (Figure 1 ). On the other hand, it has been demonstrated that normal progenitor cells can have great plasticity and can reprogram themselves in response to some signal transduction cascades. For example, normal oligodendrocyte precursor cells can be induced to acquire stem celllike properties. Thus, it can be hypothesized that mutated progenitor cells also can acquire 'stem cell behavior'. 12 
Brain tumors
Primary brain tumors can be classified in terms of what type of cell the tumor began as. Gliomas are the most common form of primary brain tumors. 13 Among gliomas, there are astrocytomas, which derive from star-shaped astrocyte-like cells and often arise in the cerebrum. In children, they occur in the brain stem, cerebrum and cerebellum. High-grade astrocytomas are called anaplastic astrocytomas (grade III) and multiform glioblastomas (grade IV). 13 Other gliomas are brain stem gliomas, ependymomas and oligodendrogliomas. Brain tumors also derive from neuroblastic-like cells of the cerebellum, such as medulloblastomas, which are the most common brain tumor in children. 13 Other nonglial tumors include schwannomas, craniopharyngiomas and germinomas. 13 
Brain tumors and cancer stem cells
To identify a stem cell some key features must be evaluated: proliferation, self-renewal and ability to generate functional differentiated progeny (multipotentiality). 1, 2, 4 The assessment of these properties is often a difficult task. However, there are in vitro methods for isolation of stem cells and evaluation of their features. One of the most widespread in vitro models to study neurogenesis is based on neurosphere cultures. 2, 3 These are long-term cultures of cells isolated from embryonic, postnatal and adult brains that can be grown in suspension as clonal aggregates (neurospheres) and are capable of both self-renewal and differentiation into neurons, astrocytes and oligodendrocytes. 2, 3 Clonal analysis and serial subcloning experiments are important to demonstrate self-renewal and multipotentiality. 14 Tests on self-renewal properties of putative stem cells are carried out by growing cells at limiting dilutions. Under these conditions, the proliferation of single cells that grow to give rise to cell clusters is evaluated. These cell aggregates are dissociated again at the level of a single cell and the growth assay is repeated several times. Cells originating from a single clone are induced to differentiate (e.g. with mitogen starvation) and the progeny is identified to evaluate multipotentiality.
14 These assays (and/or similar analyses) should be employed to clearly identify brain cancer stem cells also. Nevertheless, several studies demonstrating the existence of brain cancer stem cells are based on presumed and indirect data and do not completely fulfill the experimental paradigms described above.
In particular, it should be remembered that isolation of cells from brain cancers that are capable of growing as neurospheres and differentiating into neural cells is not sufficient to unequivocally identify true cancer stem cells. In fact, neurospheres are composed of heterogeneous populations of NSCs and precursors. 15 In a single neurosphere not all the cells can generate new clones when the cluster is dissociated and plated at the level of a single cell. Moreover, clones originating from single cells could give rise to either a progeny of multiple cell types (multipotentiality) or only a specific cell type (unipotentiality). 1, 15 For all the above reasons, the identity of malignant cells in brain tumors remains unclear even if several studies have shown the involvement of somatic stem cells in cancerogenesis. 16 The studies described in the following paragraphs, however, are those showing the most compelling evidence of the existence of putative brain cancer stem cells.
Preliminary studies have suggested that brain cancers may contain and arise from stem cells. Glioblastoma multiforme contains cells that express neural and glial markers, indicating that there may be multipotent NSC-like cells; furthermore, NSCs, as well as some brain cancer cells, express nestin, an Figure 1 A simplified model of normal and cancer stem cell differentiation in the brain. NSCs can be committed toward restricted progenitors, which in turn differentiate into either neurons or astrocytes or oligodendrocytes. Cancer can develop when self-renewing normal stem cells accumulate mutations and are transformed by altering only proliferative pathways. It is also possible that cancer cell development is the result of oncogenic mutations in restricted progenitor cells that acquire the ability to self-renew intermediate neurofilament typical of neural progenitors. 17 It was shown that the main area of distribution of several brain tumors is the ventricular zone, the location of NSCs. 18, 19 Holland et al. 20 carried out a pivotal study showing that mutated NSCs could induce glioblastoma. They transferred genes encoding activated Ras and Akt to astrocytes and neural progenitor cells in mice. The combination of two genes induced gliomas only after gene transfer to neural precursors and not to differentiated astrocytes. Their conclusions were that terminally differentiated astrocytes had reduced tumorigenicity and that an undifferentiated neural/glial progenitor could be the founder cell for glioblastoma.
An in-depth study performed by Kornblum's group demonstrated that several pediatric brain tumors contain cells with properties similar to NSCs. 21 They obtained dissociated cells from 22 tumors (including astrocytomas, glioblastomas, medulloblastomas, primitive neuroectodermal tumors and ependymomas). As described for NSCs, cells were assayed for their ability to produce neurospheres. All tumors yielded proliferating neurospheres. For most tumors, undifferentiated neurospheres contained nestin neurofilaments as observed in NSCs. Under differentiating conditions cell division in the spheres decreased significantly and several cells resembling neurons and astrocytes were produced, as detected by beta-III-tubulin and glial fibrillary acidic protein (GFAP) immunostaining, respectively. However, although multipotent, the percentage of differentiated cell types produced varied considerably from one tumor to another and repeated characteristic phenotypes of parental tumors. Primary neurospheres were dissociated into single-cell suspension and plated at clonal density in proliferating medium. Individual cells from all tumors had the ability to form new neurospheres and subsequently differentiated into multiple cell types suggesting that brain tumors contain mutated NSCs having self-renewal and multipotency features.
Singh et al. 22 applied the techniques used to isolate normal NSCs to analyze several human brain tumors (medulloblastomas, astrocytomas and ependymomas). Dissociated tumor cells were grown as neurospheres and showed immunoreactivity for nestin and CD133. All dissociated primary tumors formed secondary spheres, exhibiting high potential for selfrenewal. Applying conditions for normal NSC differentiation demonstrated that all tumor neurospheres were capable of multi-lineage differentiation. Nevertheless, the majority of cells differentiated into phenotypes typical of the original tumor: spheres from medulloblastomas differentiated mainly into neuronal-like cells, while astrocytoma-derived spheres yielded mainly GFAP-positive mature cells. Thus, tumor neurospheres could be composed mainly by progenitorrestricted cells and not by 'true' stem cells. The authors, however, speculated that specific extrinsic signals (e.g. a combination of growth factors) could contribute to induce multilineage differentiation of tumor neurospheres. 22 A key issue in normal and cancerous stem cell studies is the identification of specific molecular markers that can contribute to isolate and study 'pure' stem cell populations. Normal NSCs as well as early progenitors express the CD133 antigen, whereas full mature cells did not. This antigen could then be considered a marker of immature neuroglial cells, not specifically restricted to stem cell populations.
The biological in vitro assays on neurospheres allow characterization of NSCs; however, further studies on these cells are limited by a lack of cell surface markers necessary for the isolation of a 'pure' stem cell population. Singh et al. 23 made a key step toward a rigorous characterization of NSCs. They demonstrated that acutely dissociated tumor cells can be fractioned into CD133-positive and -negative populations. CD133-negative cells did not proliferate and did not form spheres. On the other hand, CD133-positive fractions could contain cancer stem cells. In fact, they generated clusters of clonally derived spheres that self-renewed and proliferated and differentiated to repeat mainly the phenotype of tumor from which they were obtained. These CD133-positive spheres, when dissociated into single cells and injected into brains of mice, drove tumor growth and dissemination. 23 As few as 100 of CD133-positive cells formed tumors that could be serially transmitted from mouse to mouse, whereas CD133-negative cells failed to do so. These studies, besides providing a useful marker for tumor cell identification, suggest that the cellular hierarchy of brain tumors could be similar to that of normal brain, with cancer stem cells probably derived from normal CD133-positive stem or progenitor cells.
Two more studies provided further evidence of the existence of 'cancer stem cells'. These focused on the identification of cancer stem cells from glioblastoma multiforme. 24, 25 Galli et al. 24 evaluated the presence of neural precursors within human brain tumors (medulloblastomas and glioblastomas) from postsurgery specimens. Dissociated cells were plated at clonal density in serum-free medium, and supplemented with epidermal growth factor (EGF) and basic FGF (experimental conditions that are typical of NSC expansion). The cell cultures produced clones resembling the classical neurospheres formed by NSCs. These clones were assessed for their capacity of long-term proliferation, self-renewal, multipotency and their tumorigenicity. Although cells derived from several medulloblastomas showed the highest clonogenic properties, they failed in establish long-term cultures. On the other hand, several glioblastoma cultures were expanded for more than 80 passages. The clonally derived glioblastoma cells underwent differentiation following mitogen removal from culture media as observed for normal NSCs. The cells had multipotential properties and differentiated into GFAP-positive astrocyte-like cells and neuron-like cells (positive for several neural markers). It is worth noting that several differentiated cells expressed both neural and glial markers. This phenotype likely reflects the trigger of an aberrant maturation program that was never detected in normal NSCs. If mutated NSCs were obtained from tumor specimens, then they must have tumorigenic potential. To demonstrate this capacity, the glioblastoma-derived NSC lines were injected into immunosuppressed animals. All the cell lines reproducibly gave rise to tumors, whereas normal human fetal NSCs did not.
The results of Galli et al. were highly consistent with those of Yuan et al. 25 They grew six glioblastoma primary cultures as a monolayer and then switched to culture conditions known to permit formation of neurospheres. The cells were then grown at clonal density and self-renewal as well as multipotential properties were detected. The authors also showed that Stem cells and brain cancer U Galderisi et al glioblastoma-derived neurospheres express two genes highly characteristic of NSCs, such as nestin and CD133, a cell surface marker. They further demonstrated that glioblastoma spheres represent the tumor stem cells. In fact, the implant of spheres into the brain of nude mice induced the formation of in situ tumors. On the contrary, no tumors were detected when nonsphere forming monolayer cells (also derived from primary glioblastoma cultures) were injected into mice. The authors also demonstrated that glioblastoma spheres possess a striking abnormal differentiation property. Both normal and glioblastoma spheres were dissociated into single-cell suspensions and induced to differentiate. Fully differentiated cells were then switched to NSC proliferating conditions. New spheres were obtained from glioblastoma-derived cells, while no spheres were observed from normal samples. The abnormal characteristic of glioblastoma spheres may be responsible for maintaining the tumor stem cell pool and also for generating the progeny. 25 
Molecular pathways involved in cancer stem cell physiopathology
Since tumor stem cells share common properties with normal stem cells it is plausible that they have overlapping regulation mechanisms. Indeed, one of the most outstanding questions concerning the biology of stem cells is: how do multipotent stem cells select a particular differentiation pathway and start to differentiate? On the other hand, how do stem cells decide to maintain self-renewal properties and continue to proliferate? Do the genes that control cell cycle have a role both in these aspects of normal stem cell life and in their neoplastic transformation? Recent studies have demonstrated that a 'plethora' of genes and signalling pathways are involved in the regulation of the above-described processes. Among these, the Sonic Hedgehog (Shh), Notch and Wnt signal transduction pathways play a major role in stem cell regulation. [26] [27] [28] A key role has also been demonstrated for genes associated with chromatin regulation and in those involved in the cell cycle. 4, 29, 30 It is worth noting that there is much evidence demonstrating that deregulation of these pathways also supports tumorigenesis.
Hedgehog, Notch and Wnt
Hedgehog genes encode for secreted proteins that activate a membrane receptor complex. This in turn activates the transcription factors of GLI family (Figure 2a) . 31 In mammals there are at least three hedgehog family members: Desert, Indian and Sonic. The last one is the most widely expressed. 32 Recent studies have demonstrated that Shh signalling regulates adult neural progenitor proliferation and self-renewal. 33, 34 Several studies showed that Shh-GLI signalling plays a role in brain tumor biology, for example, deregulated activation of Shh pathway in neural progenitor cells of the cerebellum induces medulloblastoma in mice. 31, 35, 36 Notch proteins are located in the cell membrane and when activated by membrane-associated ligands (Delta family proteins) they release by proteolysis their intracellular domains. These in turn bind HLH transcription factors Figure 2 (a) Schematic diagram of signaling pathways that are involved in normal and cancer stem cell biology. Wnt binds its receptor(s) and activates Disheveled (Dsh), this inhibits glycogen synthesis kinase-3 (GSK). The inhibition of GSK allows nuclear accumulation of b-catenin molecules that associate with several transcription factors and activate responsive promoters. Notch is a transmembrane protein that when activated by ligand binding (such as Delta protein) is cleaved into several segments. The intracellular domain enters the nucleus and binds DNA promoter regions through interaction with HLH transcription factors. Sonic hedgehog (Shh) is a membrane-anchored cell surface ligand that inhibits the cleavage of transcription factor Gli, thus allowing the activation of Gli-responsive promoters. (b) Schematic diagram of cell cyclerelated genes. G1/S cyclin/CDK complexes and some of the proteins involved in their regulation are depicted in the picture. Cyclin/CDK complexes promote cell cycle progression through phosphorylation of several targets, such as the members of the retinoblastoma family. p53 inhibits cell cycle proliferation mainly through the induction of p21, a CKI. Rb could promote cell differentiation by inactivating the E2F-dependent transcription of genes involved in cell proliferation and, at the same time, relieve Id2 inhibition of bHLH transcription factors that promote the expression of lineage-specific genes involved in differentiation. Note that not all the CKI-, p53-and Rb-dependent pathways are depicted Figure 2a ). 32 Notch activation is critical to regulate NSC selfrenewal in some settings, while it promotes glial differentiation in others. 37, 38 High expression of Notch2 protein was found in medulloblastomas. Moreover, the expression of truncated, constitutively active Notch2 in embryonal brain tumor cell lines promoted cell proliferation, soft agar colony formation and xenograft growth. 39 The Wnt proteins are extracellular molecules that bind the receptor of the Frizzled family. 32 When Wnt binds its receptor activates a pathway that inhibits proteolysis of the protein bcatenin that enters the nucleus and promotes gene transcription through interaction with TCF/LEF proteins (Figure 2a) . Increased expression of b-catenin promotes stem cell renewal in the nervous system. Moreover, Wnt-b-catenin pathway has a role in cell fate specification of neural crest stem cells. 27 Medulloblastomas are tumors in which an alteration of Wnt signalling has been described. 36 
Chromatin remodelling
It is well known that modification of nucleosome structure is an important regulatory mechanism of gene expression. Polycomb family members repress transcription through chromatin remodelling. 30 Among the component of Polycomb complexes Bmi-1 gene plays a pivotal role in stem cell biology. This gene is required for the self-renewal of NSCs, both from central and peripheral nervous systems. However, it has no role in regulation of proliferation, at least in restricted neural progenitor cells. 40 Altered expression of Bmi-1 has been associated with several forms of cancers, including lymphomas and colorectal carcinomas. 30, 41, 42 In addition, brain tumor-derived neurospheres maintained high Bmi-1 expression under both proliferative and differentiative conditions. On the other hand, normal NSCs had significantly less Bmi-1 expression that further decreased with differentiation. 21 
Cell cycle regulators
Among the negative regulators of the cell cycle, the Rb family members, p53 protein and p27
Kip1 play a prominent role in normal neuroglial differentiation and transformation. 29, [43] [44] [45] [46] [47] The retinoblastoma (RB) family genes, RB, RB2/p130 and p107, play a major role in controlling the cell cycle. This function is mainly accomplished by the differential binding of RB family proteins to the members of the E2F family of nuclear factors, which in turn regulate the transcription of several genes involved in DNA synthesis and cell cycle progression (Figure 2b ). 43 Several data indicate that pRb and pRb2/p130 play a crucial role in neurogenesis. In mouse embryos that lack both copies of the RB gene, dividing neural precursor cells are found outside of the normal neurogenic regions in both the central and peripheral nervous systems. Many of the ectopically dividing cells die by apoptosis; moreover, the expression of several neural differentiation markers is greatly reduced. 29, 46 Mice lacking either pRb2/p130 or p107 in a mixed 129/ Sv:C57Bl/6J genetic background exhibited no overt phenotype. 29 However, in a Balb/CJ genetic background the knockdown of pRb2/p130 produced embryonic lethality associated with increased cellular proliferation and apoptosis in the neural tube. 47 Several in vitro studies confirmed that the RB family plays a major role in neural cell differentiation. 29 Deregulation of RB-related pathways is frequent in several forms of cancer. Recently, it has been shown that somatic inactivation of Rb induces medulloblastoma in p53-null mice. 48 The tumor suppressor p53 gene is involved in cell cycle regulation and differentiation in several biological systems. p53 is a transcription factor that can transactivate genes of importance both for apoptosis and for G 1 arrest. 49 The molecular mechanisms for p53-mediated differentiation are not clear but appear to rely on the induction of p21 or on cell cycle arrest mediated by the hypophosphorylation of pRb (Figure 2b) . 49 Evidence of a key role for p53 in regulating cell proliferation and differentiation in stem cells is provided by studies on embryonic stem cells. Lin et al. 50 showed that p53 can bind to the promoter of Nanog, a gene involved in self-renewal, and that it downregulates its expression. This, in turn induces cell differentiation. In addition, it has been shown that the retinoic acid-mediated neural differentiation of embryonic stem cells relies upon p53 activation. 51 The involvement of p53 in brain tumors has been well established. p53 is thought to be inactivated in early phases of gliomagenesis, greatly contributing to malignancy. 44, 52 Although p53 gene mutations are uncommon in medulloblastomas, 53 it has been proposed that p53 could cooperate with other genes in medulloblastoma development. 54 Mice heterozygous for the gene patched, and hence having a deregulated Shh pathway, are prone to medulloblastoma development. In these mice, the inactivation of the p53 gene accelerates the trigger of medulloblastomas. In p53 null mice, the inactivation of polyADP-ribose polymerase (PARP), which is implicated in the DNA repair process, causes medulloblastomas. 55 Cyclin/cyclin-dependent kinase (CDK) complexes promote cell cycle progression and their activity is negatively regulated by cyclin kinase inhibitors (CKIs). 29 Among the several CKIs, p27
Kip1 has a key role in NSC biology (Figure 2b ). 56 NSCs, highly proliferating progenitors and more committed neuroblasts are located in the sub-ventricular zone of adult mammalian brains. It has been demonstrated that knocking down p27
Kip1 in mice, while not affecting the number of stem cells, greatly increases proliferation of progenitor cells and reduces the number of more differentiated cells. 57 Detailed information about the regulation and role of p27 Kip1 protein in vertebrate neural cells emerged from studies on oligodendrocyte commitment and differentiation. A useful model for studying glial cell development is the O-2A bipotential progenitor cell, which can differentiate into either type 2 astrocytes or oligodendrocytes. 58 Under conditions that promote differentiation of wild-type cells, O-2A p27
Kip1 -deficient cells showed impaired growth arrest after mitogen starvation. However, a fraction of these cells was still able to undergo cell cycle exit and to perform a proper differentiation program. 59 Impaired growth arrest correlated with continued progression of O-2A cells into the S phase. This observation suggests that p27
Kip1 is a component of the mechanism, which regulates terminal mitosis of O-2A cells, but at the same time this protein has no role in the differentiation process. 59 Stem cells and brain cancer U Galderisi et al Aberrant proliferation of malignant cells, such as glioma cells, could also be due to a lack of p27 Kip1 activity; in fact, in several gliomas, the expression of p27
Kip1 is very low.
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Concluding remarks: cancer stem cells and clinical impact
The above-described studies showed that a so-called brain cancer stem cell, with high-proliferative capacity, self-renewal properties and multilineage potential, could be responsible for tumor development. This did not rule out the possibility that transformation and dedifferentiation of more mature brain cells could contribute to tumorigenesis. Nevertheless, there are important consequences for cancer treatment if the growth of tumors is, at least in part, dependent on cancer stem cell population. Clinically, malignant tumors are often treated as a largely homogeneous group of cells with similar replicative and invasive potential. Thus, current therapies fail to account for the potential differences in drug sensitivity or target expression between cancer stem cells and nontumorigenic cancer cells. A differential sensitivity to treatment between these two classes of cells may account for the difficulty in developing therapies that are consistently able to eradicate some forms of cancer. In fact, if only a rare subset of tumor stem cells drives tumor formation, then the goal of therapy should be to identify this population and then develop therapies that target it. It is obvious that the expression patterns of normal stem cells, such as the pathways involved in regulation proliferation, differentiation and cell death, should be investigated in depth to identify future therapeutic targets for cancer treatment.
Studies on the molecular pathways that, when altered, could give rise to cancer stem cells are of great interest for stem cell therapy also. In fact, the occurrence of cancer must be avoided after stem cell/progenitor transplantation. This will be of importance when using adult stem cells from older individuals, as these cells may have accumulated mutations over their lifetime.
